The phenotypic and genotypic properties of second cycle hybrids are predicted from the means and variances of the F2 generation of two crosses between pairs of inbred varieties of Nicotiana rustica (V1 x V5 and V2 x V12). The predicted properties are compared with the observed properties of the second cycle hybrids generated by crossing the first cycle recombinant inbred lines with the F1 of the original cross (the L3 generation of an inbred line triple test cross) which, in the absence of a linkage disequilibrium, are identical with the second cycle hybrids produced as a diallel set of crosses among the first cycle inbred lines. In the presence of a linkage disequilibrium the diallef set of crosses has a smaller linkage bias than the inbred line x F1 crosses.
INTRODUCTION
In our previous paper (Toledo, Pooni and Jinks, 1984) we showed how to predict the phenotypic distribution of second cycle hybrids and to use it to predict the proportion of hybrids scoring higher or lower than the parents (P1 and P2) and the F1 of the original cross (first cycle hybrid) or the best first cycle recombinant inbreds derived from this cross. In this paper we shall analyse an extensive set of data to illustrate the validity of the theory for predicting the performance of the hybrids in a wide range of genetical situations. We shall also introduce a notation for the second cycle hybrids, adapted from Mather and Jinks (1982) to avoid ambiguity in discussing the causes of the superior performance of such hybrids.
Finally predictions of the breeding value of a cross will be made in respect of its potential for producing superior first cycle recombinant inbreds and superior second cycle hybrids so that the relative advantages of these alternative end products of the breeding programme can be compared and related to the underlying genetical mechanisms.
The properties of the second cycle hybrids will be predicted from the mean and variance of the F2 generation of the original cross while those of the first cycle inbreds will be predicted from the basic generations (P1, P2, F1, F2, B1 and B2) of the safrie cross. Hence the generations required for making these predictions will, in most cases, have already been raised for other purposes during the early stages of a breeding programme.
NOTATION
The mean of a second cycle hybrid genotype, derived from a cross where P1 and P2 differ at k loci assuming only additive (d) and dominance (h) genetic effects, can be defined as:
G=m+d-2d+
where kd is the total number of homozygous loci, k, is the number of these loci homozygous for the negative allele, hence d -2 >" d) is the net balance of the additive genetic effects of the kd homozygous loci and '' h is the sum of the dominance effects at the remaining (k-kd) heterozygous loci.
In the presence of non-allelic interactions this expectation becomes In the conventional notation of Mather and Jinks (1982) the definitions of G and G' for any genotype "ii" reduce to
where [d] ,, [hJ,, [ii,, [j] and [l] , represent the net contributions of additive, dominance, additive x additive, additive x dominance and dominance x dominance genetic effects after internal cancellations. Each component is potentially unique for each genotype and it will vary in magnitude and direction according to the proportions of homozygous (kd) to heterozygous (k -kd) loci and the degree of gene dispersion (kd vs. k) amongst the homozygous loci. For example, for any of the k possible homozygotes among second cycle hybrid genotypes kd = k and k -kd =0. Therefore where u = = = i), = (see Mather and Jinks, 1982 , for a recent account). This identity holds for any number of loci. The main difference, however, between the two ways of obtaining the random sample of second cycle hybrids is that the diallel consists of genetically homogeneous families which can be replicated whereas the equivalent produced by crossing the inbred lines to the F1 consists of unique unreplicable individuals. Therefore, as long as we confine our interest to the proportions of genotypes that exceed or fall short of some chosen standards and do not make assertions about specific hybrid genotypes, the data from the inbred lines x F1 is an adequate substitute for the diallel for testing the validity of our predictions. Because, however, we cannot replicate the hybrid genotypes the phenotypic distributions will have an environmental component which will be substantial for characters of low heritability. In making our predictions for comparison with these 
t genotypic deviations from m phenotypic distributions, we must, therefore, use the formulae that allow for this environmental component (Toledo et al., 1984) . At the same time, since we are also interested in the expected properties of the true F1 hybrids that would be produced in a highly replicated diallel set of crosses we shall
also make the predictions by the usual formulae which omit the environmental component.
Another possible source of dif1lerences between the random sample of hybrids from the inbred lines x F1 and the diallel set of crosses is linkage. This is because a linkage disequilibrium will be 
* frequencies should be divided by 4 t family means should be divided by 4 greater in the original F1 than in the inbred lines that are extracted from it by single seed descent or pedigree inbreeding. The effect of linkage will therefore be greater in the inbred line x F1 crosses than in the diallel set of crosses. Tables 2 and 3 show the genotypic values, their frequencies and array means for the inbred lines x F1 and the diallel set of crosses respectively, for two loci showing non-allelic interactions and coupling linkage. For repulsion linkage the frequencies of lines and of gametes in the coupling and repulsion configurations must be interchanged. This has the consequence of changing the sign of the linkage bias from plus to minus. However, in practice it is likely that some loci will be unlinked, some will be linked in coupling and others in repulsion. The net contributions of the two linkage phases will therefore determine the overall linkage bias and hence the differences between the two ways of generating random samples of the second cycle hybrids.
MATERIALS AND METHODS
The experimental data comes from generations derived from the V1 x V5 and V2 x V12 crosses of Nicotiana rustica. The experiment involving the material from the V1 x V5 cross was grown in 1973 and included the six basic generations, a set of 82 first cycle recombinant inbred lines and the L1, L2
and L3 generations of an inbred line triple test cross (Pooni and Jinks, 1976; Pooni, Jinks and Jayasekara, 1978 
(I+2P) th
1+2
I+2p h,, + h,, + 1, h,,-a,, -j,,,, (Mather and Jinks, 1982; Jinks and Perkins, 1972; Jinks and Pooni, 1976; Jinks, 1978, 1979) .
The observed proportions of second cycle hybrids for various categories (P,, P2, F,, P, and there was no suitable associated P, and P, genotypes for the characters H2, H4 and H6. On the other hand, the availability of the two L3 generations for this material involving the original and second cycle F, allows us to assess the extent to which linkage disequilibrium may bias our results. The two L3 distributions are expected to differ and these differences are expected to be more than those between the L5 involving the original F, and the diallel set of crosses. Differences between the two L3 distributions, therefore, provide an indicator of possible differences between the diallel and the L3 involving the original F, which we are substituting for it. RESULTS 
AND CONCLUSIONS
The means, variances and numbers of individuals scored for each character for the P,, P2, F,, F2, B, B2, P, and P, families of the V, x V5 and V2 x V,2 crosses are given in These estimates of statistics and components convey the wide diversity of gene action and interaction and environmental involvement provided by the characters we have studied in the two crosses.
The estimates in tables 4 and 5 plus V,F2(= VH,+ E) have been used to predict the transgressiveness of the phenotypic and genotypic distributions of the second cycle hybrids using the formulae in "Materials and Methods". These predictions are given in table 6. The present experiment provides corresponding observations on the phenotypic distributions only and these are obtained by counting all of the phenotypes in the L3 families whose scores fall within the categories specified in table 6 and expressing them as a proportion of the total number of individuals. These proportions are given in table 6 for comparison with the predictions.
We have no observations on the genotypic distributions for comparison with the genotypic predictions in table 6. These can be estimated from the observed phenotypic distributions by the method of Robson, Powers and Urquhart (1967) but we prefer to await the outcome of current experiments on a replicated full diallel set of second cycle hybrids.
The standard genotypic predictions for the first cycle recombinant inbred lines for the two crosses are given in table 7 for comparison.
The predictions and observations in tables 6 and 7 provide a wide spectrum of the possible situations a breeder may encounter in practice. * each x2 value has P>5 per cent.
--6-2! ±2-13 They confirm (see table 7 ) the now well established ease with which first cycle recombinant inbreds can be extracted from a cross which outperform their parents and even the most heterotic Ft's (Jinks and Pooni, 1976; Jinks, 1981 Jinks, , 1983 . They also show that there is a small probability of improving upon the extremes of the first cycle recombinant inbred lines (P1 and P) by either second cycle F,'s (table 6) or second cycle recombinant inbreds derived from them (table 7) .
The predicted and observed proportions of second cycle hybrids falling into the various categories (table 6) show with few exceptions very good agreement. As expected, the phenotypic predictions are closer to the observed proportions than the genotypic predictions, which, as usual, are generally conservative thus confirming that the phenotypic predictions are more appropriate when the observed distributions have a substantial environmental component. The overall correlations between the observed and predicted properties are O8l and 088 for the V1 x V5 and V2 x V12 crosses, respectively. While this good agreement between the phenotypic predictions and the observed proportions validates our procedures it must not be forgotten that the potential to produce second cycle hybrids which consistently outperform the standards is given by the more conservative genotypic predictions in G=m+d-2d+ h.
If P1 were the completely associated inbred line, that is P1 = m+Y. d, no second cycle F could have a higher score without overdominance
If, for reasons we shall discuss later, P, is not completely associated because of decreasing alleles at k loci then
and a second cycle F will have a higher score whenever there is heterozygosity at the k'd loci, irrespective of the direction of the dominance deviations (h positive or negative) providing that, if the decreasing allele is dominant (h negative), dominance is incomplete. On the other hand, second cycle F1's will have higher scores than the original Fl whose expected mean is m+' h whenever homozygosity for the increasing allele is substituted at loci at which there is either incomplete dominance (h <d) or dominance for the decreasing allele (h negative). It would also occur if homozygosity for the decreasing allele were substituted at loci at which there is overdominance for the decreasing allele (h negative Ihi> d).
Since dominance is incomplete for all characters in the V1 x V5 and V2 x V2 crosses (Pooni, Jinks and Jayasekara, 1978) it is clear that the highest scoring second cycle Fr's are most likely to arise in crosses among first cycle recombinant inbred lines which have a high proportion of increasing alleles, that is k k'd approaches k.
As a consequence these second cycle Ft's have very similar genotypes to the highest scoring second cycle inbreds (Toledo, Pooni and Jinks, 1984) . The second cycle F1's of the L3 generation confirm this expectation in that the higher the score of the first cycle recombinant inbred line the higher the mean of the second cycle F progeny it produces.
Since, in the absence of linkage, the frequency of the highest scoring completely associated inbred line that can be extracted from a cross is ()k, unless k is small (<9) we cannot expect to find such a line even in the largest collections so far examined (Ingram and Jinks, 1982, 472 inbred lines; Jinks and Pooni, 1984, 844 inbred lines) . In the present study with sample sizes of 60 and 82 inbred lines the probability of finding the highest scoring completely associated line will be very low jfk is greater than 6. Where, as in this study, there is a linkage disequilibrium due to an excess of repulsion linkages (Jinks and Perkins, 1969; Perkins and Jinks, 1970; Jinks and Pooni, 1981 ) the probability of recovering the completely associated inbred line will be even lower. Hence the probability of obtaining second cycle F1's with a higher mean than the highest inbred line in samples of 60 and 82 will be correspondingly increased.
If we further introduce the complication of non-allelic interactions whose presence is well established in the material used in this study (Pooni, Jinks and Jayasekara, 1978) there are many more options leading to second cycle F1's which outperform the best of the first cycle recombinant inbred lines as we shall show in a later paper.
